Background: The assessment and classification of trochlear dysplasia in pediatric patients has yet to be well documented or validated.
Trochlear morphology is recognized as one of the main factors responsible for patellar stability. 6, 11, 20 While trochlear dysplasia is estimated to occur in less than 2% of the general population, studies have shown that 62% to 96% of patients with patellar instability have evidence of trochlear dysplasia. 3, 5, 11 The presence and severity of trochlear dysplasia has commonly been evaluated and categorized based on the Dejour radiographic and magnetic resonance imaging (MRI) classifications, and more recently using more objective measurements, including the lateral trochlear inclination (LTI) and the trochlear depth index (TDI). 2, 12, 16 Although patellar dislocations are commonly encountered in the pediatric population, the frequently cited radiographic and MRI classifications for trochlear dysplasia have not been validated in the skeletally immature population. 7 Additionally, there are inconsistences in the adult literature regarding the inter-and intraobserver agreement of the Dejour classification as well as poor correlation between the objective measurements of trochlear dysplasia and the Dejour classification. 12, 13, 17 The purpose of the current investigation was to assess several measurements/classifications of trochlear dysplasia in skeletally immature patients to assess the inter-and intraobserver reliability in this population and determine which correlate best with patellar instability. Secondary aims were to identify a simplified threshold measurement that correlates with patellar instability and to evaluate the relationship between trochlear dysplasia measurements and tibial tuberosity-trochlear groove (TT-TG) distance in the skeletally immature patient. Finally, as we suspected multiple patients would have repeat MRI examinations, we sought to evaluate the effect of skeletal growth on trochlear morphology.
We hypothesized that the objective measurements assessed on axial MRI images would be more sensitive for correctly identifying patellar instability and more reproducible than the radiographic or MRI Dejour classifications. We also hypothesized that increased TT-TG distance would be strongly correlated with a history of patellar instability as well as more advanced trochlear dysplasia in the skeletally immature patient.
METHODS
This was an institutional review board-approved retrospective review of skeletally immature patients (open distal femoral physis) between August 2006 and February 2013 performed at a single institution. Patients undergoing surgical treatment for patellar instability were reviewed. Patients were included if they were skeletally immature (defined as open distal femoral physis on radiograph and MRI), had a history of an acute patellar dislocation, and had complete radiographs and MRI of the affected knee. Of the 92 eligible patients, 56 were excluded because they were skeletally mature (closed distal femoral physis on radiograph and/or MRI), had an underlying neurologic disorder, had previous knee surgery, or had a lack of appropriate imaging.
The control group consisted of age-matched patients who underwent knee radiographic and MRI examination for a condition other than patellar instability. Because of the limited number of patients with MRI for reasons other than instability, there were fewer patients in the cohort group, and they could not be matched for sex. Control patients were excluded if they had a history of patellar instability, had previous knee surgery, were skeletally mature (closed distal femoral physis on radiograph and/or MRI), or had a lack of appropriate imaging. Reasons for radiographic/MRI examination in the control group include knee pain (n ¼ 12), meniscal injury (n ¼ 6), cruciate ligament injury (n ¼ 4), and osteochondritis dissecans (n ¼ 5).
Radiographic examination included AP, 30 lateral, and Merchant views of the knee. MR axial imaging was performed using a 1.5-T Signa Scanner (GE Healthcare) or a 1.5-T Symphony System (Siemens Medical Solutions). An MRI protocol with axial, sagittal, and coronal proton density; proton density fat saturation; and T1-weighted sequences was employed. MR slice thickness was 4.0 mm in 62 subjects and 5.0 mm in 1 subject. Patients were evaluated with the knee in full extension. Two board-certified orthopaedic surgeons, blinded to the underlying reason for the radiographic studies, reviewed and measured/classified all available films.
Radiographic Analysis
All knee radiographs of the affected extremity for each patient were evaluated. The initial assessment was made to determine whether the lateral radiograph was adequate. An adequate lateral radiograph was defined as one in which both the posterior and distal aspects of the medial and lateral femoral condyles were superimposed or had less than 2 mm separation, as measured using the picture archiving and communication system (PACS). 16 The absence or presence and severity of trochlear dysplasia was classified according to the Dejour classification 4 ( Figure 1 ) using the first adequate lateral radiograph. If no adequate lateral radiograph was taken, that subject was not given a radiographic Dejour classification.
MRI Analysis
The MRIs were also examined in a blinded fashion. All classifications and measurements were made utilizing the first axial cut of the distal femur, beginning proximally, with complete cartilage coverage of the trochlea. 2 This image was chosen over an arbitrary distance (3 cm) from the tibiofemoral joint because it was felt to be more reproducible in skeletally immature patients with a large variation in height and femur size. The following outlines the measurements/classifications obtained from the MRI examinations:
1. The absence or presence and severity of trochlear dysplasia was classified according to the Dejour classification types A to D. 4 2. Femoral width was measured on axial imaging recording maximum medial to lateral dimension, as previously described. 3. LTI was measured, modifying the technique previously described by Carrillon et al 2 as the angle formed from a line drawn parallel to the posterior femoral condyles and a second line drawn parallel to the articular surface of the lateral trochlear facet (Figure 2 ). 4. Modification of the technique previously described by Pfirrmann et al 16 was used to determine the TDI. A line parallel to the posterior femoral condyles was drawn and made to intersect the lowest point of the trochlea. Utilizing this line, the heights of the (a) medial and (b) lateral trochlear facets were then measured utilizing a line drawn perpendicular to the previous line drawn through the trochlea. In normal and mildly dysplastic knees the site of measurement for height (a) remains the highest aspect of the medial condylar cartilage. In severe trochlear dysplasia (Dejour D) , the point at the medial aspect of the cliff where the cartilage ended was chosen as the reference point for the medial height. The TDI was then calculated with the equation (a þ b)/2, as depicted in Figure 2 . 5. The medial condyle trochlear offset (MCTO) was recorded using value (a) from the aforementioned equation for TDI. This is a measurement, positive or negative, of the medial trochlear facet height from the line drawn parallel to the posterior bony femoral condyles that directly intersects the floor of the trochlear groove. In cases of severe trochlear dysplasia with significant medial femoral condyle hypoplasia, this may represent a negative value. In these severe cases, the medial measurement point can be challenging to identify. We therefore draw a second line perpendicular to the posterior condyle line and parallel to and touching the medial wall of the posterior notch. The medial measurement point is where this line intersects the articular cartilage or bone if cartilage is not present (Figure 2 ). 6. TT-TG distance was measured on MRI as previously described by Schoettle et al. 18 The deepest point of the trochlear groove was identified, and a line was drawn perpendicular to the posterior condylar line through this point. The distance between this line and a parallel line drawn through the central point of the tibial tubercle was recorded.
In cases with 2 MRIs, the first MRI was used for primary analysis. The radiographic and MRI results from the 2 blinded readers were evaluated for intra-and interobserver reliability. The intraobserver reliability measurements were conducted more than 1 month apart. 
Statistical Analysis
Basic descriptive statistics were reported. The intraclass correlation coefficient (ICC) was used for continuous data and kappa statistic for categorical data to evaluate intraand interobserver reliability. In the radiographic Dejour classification, there was a single recorded instance of classification D among the 2 observers and the 2 time periods. This subject was dropped to perform the intra-and interobserver reliability for the radiographic Dejour classification system. The Shapiro-Wilk test of normality and Levene test of homogeneity of variances were performed for continuous data. Analysis of variance (ANOVA) or KruskalWallis and Mann-Whitney tests were used to determine differences in continuous data. Pearson chi-square and Fisher exact tests were used to evaluate differences in proportions of stable/unstable knees among various groups of classifications. Pearson correlation and simple linear regression analysis were used to evaluate relationships among various classification systems. Repeated-measures ANOVA and the Wilcoxon signed-ranks text were used to evaluate changes over time in subjects who had more than 1 MRI. All statistics were calculated using SPSS (version 12; IBM Corp), with statistical significance defined as P < .05.
RESULTS
There were 36 subjects in the instability group and 27 subjects in the stable group. Descriptive demographic information on the entire cohort is listed in Table 1 . The instability group had nearly equal numbers of males and females; the stable group had more males. The difference in proportion of males to females between the 2 groups approached statistical significance (P ¼ .067). Six patients had bilateral involvement, and both knees were included in the study. The 63 patients meeting the inclusion criteria had a total of 161 knee radiographic examinations that were reviewed, of which only 35 (22%) were found to have an adequate lateral radiograph allowing them to be classified using the Dejour classification. Forty-two percent (15/36) of subjects in the unstable group and 37% of subjects in the stable group had at least 1 adequate lateral radiograph that could be used for the radiographic Dejour classification.
The inter-and intraobserver reliabilities for each classification system are listed in Table 2 . The MRI Dejour classification was found to have the poorest inter-and intraobserver reliabilities of all classifications/measurements. Inter-and intraobserver reliabilities were greater than 0.85 for MCTO, TDI, and LTI. Based on the radiographic Dejour classification, no patient in the control group had evidence of trochlear dysplasia. In the patellar instability group, 7% had no trochlear dysplasia, 20% had grade A dysplasia, 27% had grade B dysplasia, 20% had grade C dysplasia, and 27% had grade D dysplasia. Sixty percent of subjects in this study never had a lateral radiograph that could be used to assess the radiographic Dejour classification. By comparison, 100% of subjects could be classified using the MRI Dejour classification. Based on the MRI Dejour classification, 63% of patients with no patellar instability had normal knees, whereas the rest of the cohort (37%) had grade A dysplasia. In the patellar instability group, 6% of patients had no trochlear dysplasia, 19% had mild dysplasia (grade A), and 75% had more severe dysplasia (grades B-D) (Table 3) .
When analyzed as normal or mild dysplasia (Dejour A) compared with severe dysplasia (Dejour B-D), we found the radiograph Dejour classification to correctly identify patellar instability with 100% specificity and 73% sensitivity for the entire cohort. Positive (PVþ) and negative (PV-) predictive values of the radiograph Dejour classification for the entire cohort were 100% and 71%, respectively. When the cohort was divided into males and females, the radiograph Dejour classification correctly identified patellar instability with 63% sensitivity in males and 86% sensitivity in females. Similarly, the MRI Dejour classification correctly identified patellar instability with 100% specificity and 75% sensitivity for the entire cohort (PVþ, 100%; PV-, 75%). When the cohort was divided into males and females, the MRI Dejour classification correctly identified patellar instability with 70% sensitivity in males and 81% sensitivity in females.
All MRI measurements, except femur width (P ¼ .594), were significantly different between the patellar instability group and the control group (P < .001) for the entire cohort ( Figure 3 and Table 4 ). Female patients, independent of a known history of patellar instability, were found to have significantly decreased femoral width (P < .001), TDI (P ¼ .03), and LTI (P ¼ .034) when compared with male patients. There was a significant direct correlation between MCTO, TDI, and LTI (P < .001), and all were significantly inversely correlated to TT-TG distance (P < .005). This correlation was maintained when subjects were divided by sex for all correlations except TT-TG and LTI in female subjects (Table 5) . Table 6 describes the sensitivities and specificities for the objective MRI measurements. LTI 11 , as described by Carillon et al, 2 was the most specific at 96% but only 50% sensitive for patellar instability. Both TT-TG 13 mm and MCTO 1 mm were found to be highly specific and fairly sensitive for patellar instability, both with values of 93% and 75%, respectively. Patients with either TT-TG 13 mm or MCTO 1 mm were 37.5 times more likely to have patellar instability than those with TT-TG <13 mm or MCTO >1 mm. When TT-TG 13 mm and MCTO 1 mm were both present, no cases of patellar instability were missed, but the sensitivity was noted to decrease to 64%. Utilizing a cutoff of 3, as described by Skelley et al, 19 TDI was found to be the most sensitive indicator of patellar instability (81%).
Skeletally immature patients having a TDI 3 were 33.1 times more likely to have patellar instability than those with a TDI >3.
Sixteen subjects had 2 MRIs (8 males, 8 females). The mean time between MRIs was 22.4 ± 15.8 months (range, 5.3-62.1 months). There were no significant differences in MCTO, TDI, or LTI from time 1 to time 2 (Table 7 ). 
DISCUSSION
In the present study, trochlear dysplasia was identified in 93% of skeletally immature patients with patellar instability based on the radiographic Dejour classification. The current study, however, identified several limitations of applying this classification. First, relatively few ''adequate'' lateral radiographs, defined as near perfect overlap (within 2 mm) of the distal and posterior femoral condyles, were obtained. Using this criterion, only 22% of the 161 lateral radiographs reviewed were ''adequate,'' limiting the applicability of this classification. Obtaining additional radiographic views or using fluoroscopy to obtain an ''adequate'' radiograph, while possible, is often impractical in the clinical setting and exposes the patient to additional radiation. Another limitation of this classification is that it becomes less reliable in younger patients who have incomplete ossification of the trochlea and femoral condyles. In our experience, this is particularly true in patients under the age of 10 years (Figure 4) .
Recent attention has focused on axial imaging for the assessment of trochlear dysplasia. The Dejour classification 
Boldfaced values indicate statistical significance. LTI, lateral trochlear inclination; MCTO, medial condyle trochlear offset; TDI, trochlear depth index; TT-TG, tibial tubercle-trochlear groove.
has been modified so that it can be applied to MRI. We found that the MRI modification of the Dejour classification had suboptimal reliability. Lippacher et al 12 had similar findings. When the MRI Dejour classification is simplified from a 4-part to a 2-part classification system, in an attempt to differentiate mild and severe trochlear dysplasia, it has been shown to have better reproducibility. 12 This was also found to be true in our population of skeletally immature patients where the simplified 2-part classification was 75% sensitive and 100% specific for identifying patients with patellar instability.
Because of the limitations of both the radiographic and MRI Dejour classifications, more objective measurements of trochlear dysplasia have been developed. 2, 16 These include the TDI as well as the LTI. Both of these tools provide objective measurements that have been shown by their describing authors to be highly sensitive and specific for detecting trochlear dysplasia. Carrillon et al 2 demonstrated that an LTI 11 was 93% sensitive and 87% specific for identifying patellar instability, and in severe trochlear dysplasia, an LTI <0 can be visualized. In our skeletally immature population, this 11 threshold was also highly specific at 96% but had poorer sensitivity at 50%. This relatively low sensitivity may indicate that different thresholds are required in patients with continued growth potential. A better cutoff in the skeletally immature patient population is closer to 17 , as shown by our data. As far as the TDI, Pfirrmann et al 16 demonstrated that with a cutoff of 3 mm, TDI was highly sensitive (100%) and specific (96%) for the presence of trochlear dysplasia. Our study demonstrates that TDI can also be utilized with relatively high sensitivity (81%) and specificity (89%) in correctly identifying patellar instability in skeletally immature patients.
A hallmark feature of trochlear dysplasia is hypoplasia of the medial femoral condyle. 1 We believe this occurs because the patella never fully engages the medial femoral condyle during embryologic or early skeletal development. Based on Wolfs law, without appropriate pressure, the trochlea fails to fully develop and ossify. A similar phenomenon is seen in acetabular dysplasia, where the femoral head is not fully seated in the acetabulum leading to its lack of development. The hypoplasia of the medial femoral condyle (MFC) helps explain the key features that are seen both on the radiographic Dejour classification as well as the MRI Dejour classification. With increasing severity of trochlear dysplasia, there is progressive medial femoral condyle hypoplasia. Radiographically, this manifests as a crossover sign in milder forms of trochlear dysplasia where the floor of the trochlea crosses over the highest point of the MFC. In more advanced forms of trochlear dysplasia, a double contour is appreciated such that the trochlea lies significantly anterior to the hypoplastic MFC. Finally, with the most severe trochlear dysplasia, a ''cliff-like drop-off'' is present because there is no appreciable MFC. In reviewing many of our skeletally immature knees, we found that the height of the MFC relative to the floor of the trochlea is the most distinguishing feature between normal, mild, and severe trochlear dysplasia. That is why we are proposing a new measurement that focuses on the MFC-trochlear floor offset (MCTO). This simple measurement requires no formula, is reproducible, and adequately discriminates between patients with patellar instability and those with no instability.
As we examined the ability of each trochlear dysplasia classification/measurement to differentiate patients with patellar instability compared with those with no instability, we found that all 5 assessment tools could adequately differentiate patients with patellar instability. Substantial differences for each objective measurement (TDI, LTI, and MCTO) were observed between patients with patellar instability compared with those with no instability. Cutoff values in skeletally immature patients based on these differences were also identified as 3 mm for the TDI, 17 for the LTI, and 1 mm for the MCTO.
Another key risk factor for patellar instability is an elevated TT-TG distance. 5, 8, 19 In skeletally immature patients with no history of patellar instability, the mean TT-TG was 12 mm, compared with 16 mm for patients with a history of patellar instability. 15 Based on these findings, some authors have suggested that a TT-TG of greater than 15 or 20 mm is an indication for a tubercle transfer. 5, 9 An association between trochlear dysplasia and an elevated TT-TG, while intuitive, has yet to be established. Our results show a direct correlation between TT-TG and the MRI Dejour classification. As TT-TG increases, the MRI Dejour grade also increases in severity. Additionally, MCTO was found to be inversely correlated with TT-TG. For every millimeter decrease in MCTO, the TT-TG increased by 4.2 mm. Whether this is purely a correlation or an etiologic relationship remains to be seen. It seems plausible though that significant elevations of the TT-TG will result in the lateral offset of the patella relative to the trochlea. If this is true, particularly in utero or early in skeletal development, the MFC may not receive appropriate pressure and signals to develop, which could predispose to trochlear dysplasia. Further studies will be necessary to clarify this potential link. While a reasonable estimate can be made at the TT-TG by assessing the MCTO, it is not clear whether the MCTO in isolation can be used as a tool for determining the need for any bony treatment such as a tibial tubercle osteotomy when managing patients with patellar instability.
Another important consideration in skeletally immature patients is whether these measurements of trochlear dysplasia change as a function of age and skeletal maturity. Recent studies have suggested that trochlear dysplasia occurs early in development, possibly in utero. 10, 14 This may suggest that trochlear dysplasia does not change significantly during the adolescent period when patients are reaching their peak growth rate. We therefore looked at all of our patients who had multiple MRIs (n ¼ 16; 10 unstable, 6 stable) to see how these measurements are changing as a function of age and skeletal maturity. Across different time points, trochlear dysplasia measurements remained constant. We therefore think that these measurements can be used regardless of patient age or maturity since significant changes do not occur along the age spectrum when most cases of patellar instability develop. However, we recognize that the current study may not have sufficient power to answer this question.
There are several limitations to this study. First, our patellar instability cohort was identified from a series of patients who had undergone surgical stabilization, so this may have led to a selection bias as our chosen instability group likely represents a more severe form of patellar instability compared with those with milder forms of patellar instability. Additionally, a greater percentage of our instability patients were female compared with the control group. How these may affect the specificity and sensitivity calculations used in this study is unclear. A second limitation is that while our control patients did not have a history of any patellofemoral symptoms, they underwent an MRI to evaluate other knee pathology. It is unclear whether these other pathologies have an association with trochlear dysplasia and affect the measurements used in this study. Potentially, a better cohort would be asymptomatic knee subjects. For cost reasons, this was prohibitive for this study, but it could be considered in the future.
CONCLUSION
Trochlear dysplasia is a significant risk factor for patellar instability in skeletally immature patients and was present in nearly all of our patellar instability patients. The clinical utility of the 4-grade Dejour classification, given the difficulty in obtaining adequate films and the variable interpretation of these images, necessitates a simplified approach of grading trochlear dysplasia on MR axial imaging. The objective measurements of TDI, LTI, and MCTO are easy to measure, reproducible, and correlate well with patellar instability, making them a valuable assessment tool for trochlear dysplasia in the skeletally immature. While the focus of this study was not geared toward clinical outcomes, future studies will be necessary to see how these measurements should be optimally utilized in dictating treatment and surgical planning for patients with trochlear dysplasia and patellar instability.
